Background {#Sec1}
==========

Semiconductor manufacturing has become a leading industry in some developing countries. Gallium, antimony, indium, cadmium, and copper are essential transition metals that are widely used for the manufacture of integrated circuits, electroplating, and photoelectric appliances. These metals are released into the environment during manufacturing processes such as etching, wet polishing, and cleaning operations, which may produce much potentially hazardous waste \[[@CR1], [@CR2]\]. Accidental industrial spills may lead to high concentrations of metal compounds in water, which have both acute and chronic toxic effects on aquatic organisms. Because these heavy metals do not degrade and thus accumulate in ecosystems, their toxic effects may be found at the molecular, cellular, and histological levels, even impacting homeostasis in organisms \[[@CR3], [@CR4]\]. Individual components of heavy metals have been reported by different authors to have varying toxicological effects on aquatic organisms, and deaths of animals have also been reported at various concentrations \[[@CR5]\]. Many studies have revealed that these metal compounds possess apoptotic, and carcinogenic properties \[[@CR6], [@CR7]\].

Freshwater animals can be used for controlling pollution in three ways, involving three different time frames: (1) the determination of water quality criteria from which standards can be established, (2) monitoring the health of populations of fish in the field or in a hatchery, (3) providing an early warning system for potential harm to the aquatic environment \[[@CR8], [@CR9]\]. Both acute and chronic toxicity tests provide detailed information for assessing environmental stress \[[@CR10]\]. Acute toxicity results in particular provide practical critical values that can be used for establishing tentative water quality criteria related to novel toxicants. Suitable model species are needed to evaluate the water quality in aquatic ecosystems \[[@CR11]\].

Freshwater swamp shrimp (*Macrobrachium nipponense*) is a common aquatic invertebrate widely distributed in the downstream of rivers throughout the eastern Asia-Pacific \[[@CR12]\], and it is a dominant species in stream ecosystem near semiconductor manufacturing districts in Taiwan. The purpose of this study was to assess the acute lethal toxicity of concentrations of gallium, antimony, indium, cadmium, and copper on juvenile *M. nipponense* under laboratory conditions in order to determine specific safety concentrations.

Results {#Sec2}
=======

No mortality was detected in the control groups during laboratory static renewal tests (96-h acute toxicity) of the five metals. We recorded mortality in whole exposure durations for freshwater swamp shrimp, *Macrobrachium nipponense*, exposed to varying concentrations of gallium, antimony, indium, cadmium, and copper. Results demonstrated a positive relationship between the mortality rates of the exposed *M. nipponense* and the concentrations of metals in the testing solutions. It is clear that the higher the concentration, the shorter the median lethal concentration (24-h, 48-h, and 96-h LC~50~) of the five metals to *M. nipponense*, as presented in Table  [1](#Tab1){ref-type="table"}. Based on 96-h LC~50~ values, the ranking of the five metals from most toxic to least toxic was: copper, cadmium, antimony, gallium, and indium.Table 1**Median lethal concentrations (LC** ~**50**~ **) of gallium, antimony, indium, cadmium, and copper to** ***Macrobrachium nipponense***LC ~50~(mg/L)24 h48 h96 hGalliumm (III)12.68716.12622.7742(5.6189-28.6465)(4.0147-9.3481)(1.8210-4.2264)antimony (III)7.45703.74681.9626(2.9343-18.9501)(2.5673-10.2216)(1.3884-2.7743)indium (III)21.546414.89856.8938(7.2018-64.4628)(9.2185-24.0784)(3.6560-12.9992)cadmium (II)0.71090.11380.0539(4.8657-10.3881)(0.0631-0.2053)(0.0284-0.1021)copper (II)0.38310.09590.0313(0.1811-0.8105)(0.0686-0.1343)(0.0174-0.0562)The 95% confidence limits are given in parentheses.

In toxicity testing of gallium, no mortality was observed in the group of *M. nipponense* exposed to 0.5 mg/L within 96 hours (Figure  [1](#Fig1){ref-type="fig"}). The 96-h LC~50~ of the *M. nipponense* was determined to be 2.7742 mg/L, with upper and lower limits of 1.8210 and 4.2264 mg/L. Except for indium, the toxicity of gallium to *M. nipponense* was found to be less than that of the other metals in this study. One hundred percent mortality was detected in *M. nipponense* exposed to antimony in 6.0 mg/L after 96 hours (Figure  [2](#Fig2){ref-type="fig"}). The 96-h LC~50~ value obtained for antimony was 1.9626 (1.3884-2.7743) mg/L. No mortality was recorded in *M. nipponense* exposed to indium in 4.0 mg/L solution in the first 24 hours (Figure  [3](#Fig3){ref-type="fig"}). The 96-h LC~50~ value obtained was 6.8938 (3.6560 \~ 12.9992) mg/L for this metal. After 24 h, mortality was not observed for two of the metals (copper and cadmium) at concentrations of 0.05 mg/L (Figures  [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). Compared to copper, a higher dose of cadmium is needed to obtain 48-h and 96-h LC~50.~ Copper had stronger toxicity than cadmium in the present study.Figure 1**Gallium lethality curves of** ***Macrobrachium nipponense*** **were determined at different gallium concentrations in the exposed environment.**Figure 2**Antimony lethality curves of** ***Macrobrachium nipponense*** **were determined at different antimony concentrations in the exposed environment.**Figure 3**Indium lethality curves of** ***Macrobrachium nipponense*** **were determined at different indium concentrations in the exposed environment.**Figure 4**Cadmium lethality curves of** ***Macrobrachium nipponense*** **were determined at different cadmium concentrations in the exposed environment.**Figure 5**Copper lethality curves of** ***Macrobrachium nipponense*** **were determined at different copper concentrations in the exposed environment.**

Discussion {#Sec3}
==========

Lin and Hwang \[[@CR13]\] estimated the 96-h LC~50~ of gallium for tilapia larvae (*Oreochromis mossambicus*) to be 14.32 mg/L; this reveals that *M. nipponense* are more sensitive to gallium exposure than tilapia larvae. Betoulle \[[@CR14]\] reported that gallium (III) accumulates in the head, kidney, and blood in juvenile common carp (*Cyprinus carpio*). Gallium also acts as a hepatotoxin and causes renal damage in treated *C. carpio* \[[@CR15], [@CR16]\].

Lin and Hwang \[[@CR17]\] reported the 96-h LC~50~ value of antimony for tilapia larvae (*Oreochromis mossambicus*) as 18.9 mg/L, and observed retardation in body growth at sublethal concentrations. The present study found *M. nipponense* to be more susceptible than tilapia larvae to acute antimony toxicity. With the exception of deleterious information on the effect on *Daphnia magna*, little or no research is available documenting the effect of antimony on freshwater invertebrates \[[@CR18]\].

Lin and Hwang \[[@CR19]\] reported the 96-h LC~50~ value of indium for tilapia larvae (*Oreochromis mossambicus*) as 19.5 mg/L, demonstrating that tilapia larvae are more able to tolerate to indium exposure than *M. nipponense*. The indium value of 6.8938 mg/L was higher than that of gallium and antimony for the same stage of *M. nipponense*. This study is the first to examine the effects of indium on aquatic invertebrates.

Both copper and cadmium are highly toxic for aquatic organisms; effects of short- and long-term exposure to these two metals have already been reported in a number of studies \[[@CR20]--[@CR22]\]. Wu and Chen \[[@CR23]\] showed the 96-h LC~50~ value of cadmium for white shrimp (*Litopenaeus vannamei*) is 1.07 mg/L; Tan and Wang \[[@CR24]\] also promoted a biotic model for predicting the acute toxicity of cadmium to daphnids under different calcium and pH conditions. As for copper, Karan et al. \[[@CR25]\] reported significant changes in metabolic enzymes in gills, livers, and blood of *C. carpio* exposed to sublethal concentrations of copper (96-h LC~50~ value: 0.64 mg/L). Acute lethal effects of copper were attributed to excess mucous covering the gill tissues, leading to the breakdown of respiratory function \[[@CR26]\].

Conclusions {#Sec4}
===========

Regulation of different activities involving heavy metals does exist in an industrial country like Taiwan \[[@CR27]\]. However, scanning the existing data base for surveillance studies in high risk populations, which mainly involve aquatic fauna and flora, turned up nothing. The natural habitats of *M. nipponense* are frequently polluted by industrial wastewater. To maintain the balance of the local river ecosystems it is essential to know the susceptibility to these pollutants. We conclude that *M. nipponense* seem to be a promising candidate for evaluating freshwater quality, as they are sensitive to these metals. Moreover, no acute lethal effects were seen at concentrations of 0.28 mg/L (gallium), 0.20 mg/L (antimony), 0.69 mg/L (indium), 0.005 mg/L (cadmium), and 0.003 mg/L (copper). These findings are in good agreement with the concept of a safe level (one-tenth of the 96-h LC~50~ value) as described by Sprague \[[@CR28]\], and we propose them as biologically safe concentrations which can be used for establishing tentative water quality criteria with *M. nipponense* of the same size.

Methods {#Sec5}
=======

Freshwater swamp shrimp (*Macrobrachium nipponense*) were obtained from the local commercial suppliers. Shrimp were transported to a glass aquarium in our laboratory which was equipped with a water-cycling device; dechlorinated tap water (with a pH of 7.4 \~ 8.1, dissolved oxygen (DO) of 7.0 \~ 7.7 mg/L, and hardness of 38 \~ 45 mg CaCO~3~ /L) was used during the entire experiment. The temperature was maintained at 24.0 ± 0.5°C, with a 12-h light and 12-h dark photoperiod. Shrimp were acclimated for two weeks and fed an aquarium shrimp mixture every day. Shrimp (0.42 ± 0.17 cm in fork length) were used for acute toxicity tests in the initial experiments. Gallium sulfate (III) and antimony chloride (III) were purchased from Alfa Aesar (Ward Hill, MA, USA). Indium chloride (III), copper sulfate (II), and cadmium chloride (II) were purchased from Sigma (St. Louis, MO, USA). All metal compounds had a purity of 99% or greater. Stock solutions were prepared in deionized water (1000 mg/L test chemical in 0.1% nitric acid).

Laboratory static renewal tests were conducted to determine the median lethal concentration (LC~50~) for *M. nipponense*. Ten animals of similar size were randomly sampled and placed in 10-L glass beakers. After 24 h of acclimatization, the *M. nipponense* were exposed to different concentrations of gallium (0, 0.3, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mg/L), antimony (0, 0.5, 1.0, 2.0, 4.0, 8.0, 12.0, 14.0, and 16.0 mg/L), indium (0, 0.5, 1.0, 2.0, 4.0, 8.0, 12.0, 14.0, and 16.0 mg/L), cadmium (0, 0.002, 0.005, 0.01, 0.05, 0.1, 0.2, 0.4, and 0.6 mg/L), and copper (0, 0.002, 0.005, 0.01, 0.05, 0.1, 0.2, 0.4, and 0.6 mg/L) for 96 h or more. The control and each treated group were run in duplicate. During the experiment, dead animals were removed, with mortality recorded after 24, 48, and 96 h. The LC~50~ of every test chemical with 95% confidence limits were calculated for *M. nipponense* using a Basic program from the probit analysis described by Finney \[[@CR29]\].
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